BACKGROUND: Daratumumab is a human CD38-directed monoclonal antibody indicated for the treatment of relapsed and refractory multiple myeloma (MM). METHODS: A multicenter, open-label treatment protocol provided early access to daratumumab for patients who had progressive MM after they received ≥3 prior lines of therapy that included a proteasome inhibitor and an immunomodulatory agent or if they were refractory to both a proteasome inhibitor and an immunomodulatory agent. Patients received daratumumab 16 mg/kg weekly for 8 weeks, every other week for 16 weeks, and monthly until they developed disease progression, unacceptable toxicity, or 60 days after the drug gained US approval. Treatment-emergent grade ≥3 adverse events (AEs), serious AEs, and AEs of special interest were collected. RESULTS: Three hundred forty-eight patients were enrolled at 39 US sites between June and December 2015. Patients received study therapy for a median of 1.9 months (range, 0.03-6.0 months). Fifty-two percent of patients transitioned to commercially-available daratumumab and 37% discontinued because of progressive disease. Grade ≥3 AEs occurred in 50% of patients, including thrombocytopenia (15%) and anemia (14%). Serious AEs occurred in 35% of patients (12% were drug-related), including infections (11%). Infusion reactions occurred in 56%, 2%, and 2% of patients during the first, second, and all subsequent infusions, respectively; respiratory symptoms (cough, dyspnea, throat irritation, nasal congestion) were common. The infusion reaction rate for the first infusion was 38% in 50 patients at 2 sites who received montelukast as premedication for their first infusion and 59% in patients who did not receive montelukast. CONCLUSIONS: The current findings are consistent with previously reported trials and confirm the safety profile of daratumumab in heavily pretreated US patients who have relapsed or refractory MM.
INTRODUCTION
Although proteasome inhibitors (PIs) and immunomodulatory agents (IMiDs) have drastically changed the treatment landscape for multiple myeloma (MM), improving outcomes and survival rates in a patient population with limited treatment options, [1] [2] [3] [4] there remains a high unmet need for effective and tolerable therapies for patients with relapsed and/ or refractory disease. 1 Daratumumab is a novel, human immunoglobulin Gκ monoclonal antibody targeting cluster of differentiation 38 (CD38 [also known as cyclic adenosine diphosphate ribose hydrolase]), which is heavily and uniformly expressed on myeloma cells. 2, 5 The mechanisms of action of daratumumab include complement-dependent cytotoxicity, antibody-dependent cell-mediated cytotoxicity, antibody-dependent cellular phagocytosis, direct induction of apoptosis, and immunomodulation. [5] [6] [7] Cancer November 15, 2018 Daratumumab initially exhibited antitumor activity as a single agent in a phase 1/2 trial in patients with myeloma that had relapsed after or was refractory to ≥2 prior therapy lines, yielding an overall response rate (ORR) of 36% in patients who received a 16-mg/kg dose compared with 10% in those who received 8 mg/kg. 8 In a subsequent, pivotal, single-agent phase 2 trial of daratumumab 16 mg/ kg, the ORR was 29% in heavily pretreated patients (those who received ≥3 prior therapy lines, including a PI and an IMiD, or who were refractory to both a PI and an IMiD). 9 A pooled analysis of both monotherapy studies produced an ORR of 31% and a median overall survival of 20.1 months, demonstrating a durable response and clinical benefit in patients who had responses of stable disease or better. 10 On the basis of these findings, daratumumab was approved in the US for use as monotherapy (16 mg/kg) for the treatment of patients with MM who have received ≥3 prior therapy lines, including a PI and an IMiD, or who are double-refractory to a PI and an IMiD. 11 In addition, experience from those studies provided a basis for managing monoclonal antibody-associated infusion reactions (IRs) in patients with MM. CD38 is expressed on airway smooth muscle cells, and IRs reported in previous trials with daratumumab were commonly characterized by symptoms similar to those of allergic rhinitis (eg, cough, dyspnea, bronchospasm 10, 12, 13 ). Anecdotal reports have suggested that premedication with montelukast, a leukotriene receptor antagonist known to reduce asthma attacks and allergic rhinitis, may reduce the IR rate associated with monoclonal antibodies, 2,14-16 and this observation was also reported by investigators in the phase 1/2 study that resulted in the initial approval of daratumumab. 8 Herein, we present findings from the US cohort of a multicenter, open-label, early access treatment protocol (EAP) conducted in patients with MM who received ≥3 prior therapy lines, including a PI and an IMiD, or who were double refractory to a PI and an IMiD. The study's objectives were to provide early access to daratumumab for eligible patients before commercial approval and to collect additional safety and patient-reported outcome (PRO) data.
MATERIALS AND METHODS

Patients
Patients were aged ≥18 years; had an Eastern Cooperative Oncology Group (ECOG) performance status score of 0, 1, or 2; had documented MM with evidence of disease progression within 60 days of the most recent prior treatment regimen according to International Myeloma Working Group criteria 17 ; either had received ≥3 prior therapy lines with a PI (≥2 cycles or 2 months of treatment) and an IMiD (≥2 cycles or 2 months of treatment) or had disease that was double refractory to a PI and an IMiD; and resided in areas where daratumumab was not yet commercially available through local health care providers, had not been enrolled in another daratumumab study, and were not eligible for or did not have access to enrollment in another ongoing clinical study of daratumumab. According to the protocol, patients were excluded if they had known chronic obstructive pulmonary disease with a forced expiratory volume in 1 second <50% of predicted normal; had known moderate/ severe asthma within the past 2 years or currently uncontrolled asthma; or had clinically significant cardiac disease, cardiac arrhythmia, or clinically significant electrocardiogram abnormalities. Patients with an absolute neutrophil count ≤0.5 10 9 /L, a hemoglobin level ≤7 g/dL (≤4 mmol/L), a platelet count <50 10 9 /L, an alanine aminotransferase level ≥2.5 times the upper limit of normal, a total bilirubin level ≥2 times the upper limit of normal, a creatinine clearance ≤20 mL/minute/1.73 m 2 , a potassium level <3.0 mEq/L, or a corrected serum calcium level >14.0 mg/dL (3.5 mmol/L) also were excluded, as were those who had allergies, hypersensitivity, or intolerance to monoclonal antibodies or human proteins, sensitivity to mammalian-derived products, or prior exposure to any anti-CD38 monoclonal antibody.
Before any study-related procedures were conducted, all patients provided written, informed consent to participate in the study, which was conducted according to the ethical principles of the Declaration of Helsinki, Good Clinical Practices, and applicable regulatory requirements. The protocol and amendments were approved by an Independent Ethics Committee or Institutional Review Board. The study was registered at clinicaltrials. gov (national clinical trials identifier NCT02477891).
Study Design
Eligible patients received daratumumab 16 mg/kg intravenously on days 1, 8, 15, and 22 of cycles 1 and 2 (weekly dosing); on days 1 and 15 of cycles 3 through 6 (every 2 weeks dosing); and on day 1 of cycle 7 and subsequent cycles (every 4 weeks dosing) until disease progression, unacceptable toxicity, loss of clinical benefit, or the end of the study (Fig. 1 ). All cycles were 28 days.
Patients received preinfusion and postinfusion medications to prevent IRs. Preinfusion medications, which were received approximately 1 hour before dosing, included acetaminophen (paracetamol) (650-1000 mg), Cancer November 15, 2018 diphenhydramine (25-50 mg) or an equivalent antihistamine drug, and methylprednisolone (100 mg for the first and second infusions and 60 mg for all subsequent infusions). Preinfusion dosing of montelukast (10 mg) was allowed at the investigator's discretion. Methylprednisolone (20 mg) or equivalent was administered postinfusion for 2 days after all daratumumab infusions. For patients with a higher risk of respiratory complications, the following postinfusion medications were considered: diphenhydramine (25-50 mg) or equivalent for 2 days after all daratumumab infusions, short-acting β2 adrenergic receptor agonist (eg, salbutamol aerosol), inhaled corticosteroids with or without long-acting β2 adrenergic receptor agonists for patients with asthma, and long-acting bronchodilators (eg, tiotropium or salbutamol with or without inhaled corticosteroids) for patients with chronic obstructive pulmonary disease. Patients who continued to benefit from daratumumab at the study's closure had the option to continue receiving the drug from commercial or other sources.
Safety Assessments
Patients were monitored for safety based on adverse events (AEs), ECOG performance status, vital sign measurements, physical examinations, and clinical laboratory tests (hematology, serum chemistry, and urinalysis). Only treatment-emergent grade ≥3 or serious AEs (SAEs) or AEs of special interest (bronchospasm, IR, or any unscheduled laboratory abnormalities associated with these events) were collected. AEs that occurred between the time of signed, informed consent until 30 days after the last daratumumab dose were considered treatment-emergent AEs, were reported by the patient (or other legally acceptable representative)-but monitored and evaluated by the investigator-and were graded according to National Cancer Institute Common Toxicity Criteria for Adverse Events (version 4.03; National Cancer Institute, Bethesda, MD).
Efficacy Assessments
This study did not include efficacy endpoints or assessments. To guide end-of-treatment decisions and to determine whether continued treatment with daratumumab was warranted, investigators assessed patients' disease response (eg, disease progression or loss of clinical benefit) according to the local standard of care, as clinically On the first and second day after each daratumumab 16 mg/kg infusion • oral corticosteroid (20 mg methylprednisolone or equivalent dose of corticosteroid in accordance with local standards) • optional considerations for patients with increased risk of respiratory complications:
-diphenhydramine (25 to 50 mg) or equivalent -short-acting β2 adrenergic receptor agonist -inhaled corticosteroids with or without long-acting β2 adrenergic receptor agonists (patients with asthma) -long-acting bronchodilators (patients with chronic obstructive pulmonary disease) a Preinfusion montelukast 10 mg could be administered at the investigator's discretion. b After the second infusion, the dose of corticosteroid could be reduced (eg, methylprednisolone 60 mg) at the investigator's discretion. Questionnaire (EQ-5D-5L). These assessments were electronically recorded.
Statistical Analyses
The analysis population included all patients who received ≥1 daratumumab dose at sites in the US. Sample size was not determined by statistical calculations; rather, up to 2000 patients were expected to be enrolled globally, and the final number was determined by medical need and health authority approval. This study included no efficacy endpoints and no inferential statistics. Unless otherwise specified, all continuous endpoints were summarized using descriptive statistics, and categorical endpoints were summarized in terms of frequency.
RESULTS
Baseline Demographics and Disease Characteristics
Enrollment occurred between June 23, 2015, and December 11, 2015; by January 16, 2016, all patients had either discontinued study participation or transitioned to commercial drug. The study period ended on February 29, 2016. In total, 400 patients were screened, 350 were enrolled from 39 US sites, and 348 received ≥1 daratumumab dose. Most patients were white (72%), were men (56%), and had a baseline ECOG performance status of 1 or 2 (74%). The median patient age was 65 years (range, 27-94 years), and the median duration of followup was 2.8 months (range, 0.1-6.9 months). Table 1 provides information about additional patient demographics and baseline disease characteristics. Upon study closure, 181 patients (52%) continued on commercially available daratumumab after US market authorization. At that time, 131 patients (38%) had discontinued because of progressive disease or disease relapse, 14 (4%) had discontinued because of an AE, 7 (2%) had withdrawn consent, 5 (1%) had died, 5 (1%) had discontinued for other reasons, 4 (1%) had discontinued based on their physicians' decision, and 1 (0.3%) was lost to follow-up.
Treatment Exposure
All 348 patients received ≥1 full or partial treatment cycle of daratumumab, and approximately one-half (52%) received ≥3 cycles. Patients received a median of 8 daratumumab infusions (range, 1-17 infusions). The median duration of daratumumab exposure was 1.9 months (range, 0.03-6.01 months). Daratumumab-related toxicities were managed primarily by dose delay; skipped infusion was reported in 60 patients (17%), including a skipped infusion associated with an AE in 42 patients (12%). Twenty patients (6%) experienced a cycle delay, including a cycle delay because of an AE in 13 patients (4%). 
Patient-Reported Outcomes
Of 324 patients (93%) who completed the EQ-5D-5L assessment at baseline, 226 (65%) completed the assessment In addition, at 3 study sites, 5 patient volunteers were interviewed (within 10 days of cycle 3 or within 10 days after the end of treatment). The data collected through these interviews provided qualitative insight into patient experiences and impressions regarding the use of daratumumab. Changes from baseline in EQ-5D-5L utility and visual analog scale scores and EORTC QLQ-C30 values were minimal and are reported in Supporting Tables 1  and 2 , respectively. The median EQ-5D-5L utility score was 0.79 (range, 0.1-1.0), and the median visual analog score was 66 (range, 9-100) at baseline; at the last assessment, the median scores were 0.79 (range, 0.0-1.0) and 67 (0-100), respectively.
Safety
In total, 227 patients (65%) had AEs determined by the investigator as related to daratumumab. Grade 3 and 4 AEs were reported in 175 patients (50%) and were considered to be daratumumab-related in 85 (24%). SAEs were reported in 123 patients (35%), including 43 (12%) who had SAEs that were considered to be daratumumabrelated and 101 (29%) who had grade 3 or 4 SAEs. AEs leading to treatment discontinuation were reported for 32 patients (9%) and were considered to be daratumumabrelated for 10 (3%). AEs with an outcome of death were reported for 13 patients (4%), including 2 (0.6%) who had AEs (pyrexia, thrombocytopenia/subdural hematoma) that were considered to be daratumumab-related. The most frequently reported grade 3 and 4 AEs are listed in Table 3 ; the most frequently reported daratumumab-related grade 3 and 4 AEs were thrombocytopenia (6%) and anemia (5%). Table 4 lists the most frequently reported SAEs, and the most common grade 3 and 4 SAEs were pneumonia and hypercalcemia (3% each) and thrombocytopenia (2%). The most frequently reported AEs leading to treatment discontinuation were thrombocytopenia (2%); hypercalcemia and acute kidney injury (1% each); and dyspnea, anemia, and pyrexia (0.9% each).
Infusion modifications (ie, infusion interruption, decreased infusion rate, or infusion discontinuation) because of an AE were reported in 182 patients (52%) and were considered daratumumab-related in 178 (51%), including chills (14%), cough (13%), IR not otherwise specified (NOS) (8%), dyspnea (8%), throat irritation (6%), and nausea (6%). Sixteen patients (5%) experienced AEs that led to discontinuation of that infusion; 15 were considered daratumumab-related and included cough, dyspnea, or flushing (0.9% each) and chills and IR NOS (0.6% each).
IRs were reported in 195 patients (56%), including 24 (10%) who had IRs that were considered SAEs and 27 (8%) who had grade 3 or 4 IRs. The most frequently reported IRs were chills (15%), cough (14%), dyspnea (9%), IR NOS (8%), nausea (7%), throat irritation (6%), and nasal congestion (5%). All 195 patients (56%) experienced IRs during the first daratumumab infusion, 7 (2%) experienced IRs during the second infusion, and 6 (2%) experienced IRs during a subsequent infusion (Table 5 ). Six patients (2%) experienced bronchospasm, 1 of which was considered serious. In each instance, bronchospasm was considered related to daratumumab, occurred during the first infusion, and resolved after interruption and resumption of drug.
Use of Montelukast Premedication
Sixty patients (17%) received montelukast 10 mg before at least 1 infusion. Of these, 50 patients (14%) at 2 study sites received montelukast before the first daratumumab infusion, 49 of whom received montelukast on same day more than 30 minutes before daratumumab infusion. Based on those 50 patients, the IR rates at first infusion were 38% and 59% (respiratory symptoms, 20% and 33%), respectively, in those who did or did not receive montelukast. Furthermore, the incidence of grade 3 and 4 IRs was 2% and 9% in patients who did (n = 60) or did not (n = 298) receive montelukast, respectively ( Table 5) . Gastrointestinal symptoms were observed in 4% and 11% of patients who did or did not receive montelukast, respectively, whereas chills were observed in 14% of patients in both groups. The median duration of the first daratumumab infusion was 6.7 hours (range, 1.0-10.7 hours) for the 50 patients who received montelukast before their first infusion versus 7.6 hours (range, 1.4-24.0 hours) for those who did not.
DISCUSSION
The findings of this EAP study confirm the safety profile of daratumumab in patients with MM who have received ≥3 prior therapy lines, including a PI and an IMiD, or who are refractory to both a PI and an IMiD. The safety profile in this study was consistent with results observed in the initial phase 1/2 study and the subsequent pivotal phase 2 study, and no new safety signals were identified. [8] [9] [10] [11] Similar to previous studies of daratumumab monotherapy, approximately one-half of patients experienced an IR at the first daratumumab infusion, but IR rates rapidly declined over subsequent infusions, decreasing to only 2% of patients at the second infusion. The majority of IRs were grade 1 and 2, with grade 3 and 4 IRs observed in 8% of patients. Although the rate of grade 3 and 4 IRs was low, the slightly higher rate in the current study, compared with previous studies, may have been because of the broader range of study centers (including community-based sites) that treated patients in our trial. Similar to previously described findings, respiratory symptoms were commonly observed during IRs and included cough (14%), dyspnea (9%), throat irritation (6%), and nasal congestion (5%). CD38 is expressed on upper airway cells, and previous studies observed increased respiratory symptoms, such as cough, dyspnea, and bronchospasm, as components of IRs to daratumumab. There are published case reports using montelukast (a leukotriene receptor antagonist used to treat asthma and allergies) in resensitization protocols for patients who have hypersensitivity reactions to monoclonal antibodies. In the current study, montelukast was used primarily at only 2 large academic centers that had the most prior experience with daratumumab, which may have affected the IR observation rate. To our knowledge, however, this is the first clinical trial report Cancer November 15, 2018 of montelukast premedication in patients who received a monoclonal antibody. Patients who received montelukast premedication before daratumumab experienced a lower rate of IRs at the first daratumumab infusion than those who did not receive montelukast, including a lower incidence of grade 3 and 4 IRs. We note that montelukast premedication generally was prescribed in addition to existing premedication and postmedication guidelines, as outlined in prescribing information for daratumumab 11 and used in previous clinical trials, which reported similar IR rates with both single-agent daratumumab [8] [9] [10] and combinations using standard-of-care regimens. 12, 13 Patients who received montelukast had fewer respiratory and gastrointestinal symptoms than those who did not receive montelukast, whereas systemic symptoms, such as chills, were similar in both groups. This positive effect may have been caused by generalized histamine secretion and local inflammation inhibition by montelukast, as leukotriene receptors are present in both the lung and the gut. Moreover, interpatient differences in receptors or drug metabolism may explain why not all patients benefited from montelukast. The small sample size of montelukast-premedicated patients and the uncontrolled nature of this observation limit any conclusion about the impact of montelukast preinfusion on IRs. Although efficacy was not an endpoint of this EAP study, investigator assessment of response to therapy was reported at the time of study discontinuation for each patient. The observed ORR of 23% in this study was similar to the ORR of 29% in the pivotal phase 2 study. 9 While these findings support the available data from previous daratumumab clinical studies, particularly given the broad range of sites with various degrees of daratumumab experience, the utility of response data is limited by numerous factors (eg, investigator report of response at study discontinuation, short length of therapy, incomplete characterization of prior therapies, unknown time from diagnosis to study enrollment). Moreover, no response duration, progression-free survival, or overall survival data were collected because of the nature of the EAP study and limited follow-up period. Of note, this is the first daratumumab study to capture PROs, and no negative impact on PROs was observed, which is noteworthy when considering the heavily pretreated patient population.
Daratumumab has been subsequently approved in the US and the European Union for use in combination (with either lenalidomide and dexamethasone or bortezomib and dexamethasone) for the treatment of patients with MM who have received ≥1 prior therapy, based on 2 randomized phase 3 studies. 11 The CASTOR study compared daratumumab, bortezomib, and dexamethasone versus bortezomib and dexamethasone. The addition of daratumumab resulted in a 61% reduction in the risk of disease progression or death and an ORR of 83%. 12 In the POLLUX study, daratumumab was studied in combination with lenalidomide and dexamethasone versus lenalidomide and dexamethasone in patients with MM. The investigators reported a 63% reduction in the risk of disease progression or death and an ORR of 93%. 13 Furthermore, 2 additional randomized phase 3 studies in relapsed MM have been activated: pomalidomide and dexamethasone with or without daratumumab (APOLLO) and daratumumab in combination with carfilzomib, lenalidomide, and dexamethasone (CANDOR). Three registration-directed studies of daratumumab in combination with PI-based and/or IMiDbased therapy with and without stem cell transplantation in patients with newly diagnosed MM also have been conducted. The first of these studies, the ALCYONE study of daratumumab in combination with bortezomib, melphalan, and prednisone, indicated that the addition of daratumumab to a standard, frontline regimen yields similar efficacy benefit, with an acceptable safety profile, as in the relapsed setting. 18 Furthermore, registration studies of daratumumab are ongoing in high-risk, smoldering MM and light-chain amyloidosis, thereby exploring the potential of daratumumab across plasma cell dyscrasias.
In conclusion, this EAP study confirms the safety profile of daratumumab monotherapy in a large cohort of patients with relapsed and refractory MM that was similar to the initial population indicated for daratumumab in the US. The findings also indicate that further investigation of montelukast premedication to reduce IRs is warranted, and formal studies of montelukast as a premedication for daratumumab are ongoing, as are those investigating a subcutaneous daratumumab formulation. The large safety sample size is of value, and EAPs offer an ethical, compliant means of addressing unmet needs in patients with limited treatment options, or who have exhausted all available options, by making a drug accessible to those who are not eligible for ongoing trials and before the drug is commercially available. 19 
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